Abstract. Temporal change in the biosphere occurs at different rates and in different ways, depending on spatial scale. One hypothesis is that in environments where disturbances produce patches and temporal instability in small areas, the aggregate mosaic of these patches on larger areas may be constant, so that a "shifting-mosaic steady state" occurs. If so, then the appropriate minimum size for a nature reserve might be the minimum land area on which the patch-mosaic is stable.
Ecological processes may operate on a variety of temporal and spatial scales. A systematic perspective on scale effects (e.g., Delcourt et al. 1983 ) is important as researchers direct more attention toward understanding the effect of human-induced fragmentation of the biosphere (Burgess and Sharpe 198 1, Harris 1984) . Scale is also important in the study of the dynamics of disturbance patches (Pickett and White 1985a) . Small patches are common in many kinds of communities, such as in forests (Runkle 198 l) , intertidal communities (Paine and Levin 198 l) , and grasslands (McNaughton 1983) . But patches also occur on the landscape scale, due to large fires (Heinselman 1973) , mass movements (Veblen et al. 198 l) , and other large disturbances.
A premise of landscape ecology is that integration of human use with natural landscape-level processes will increase the sustainability of human use (Gulinck 1986 ) and the viability of biosphere fragments, such as nature reserves (Harris 1984, Noss and Harris 1986) . But relatively little is known about the dynamics of landscape patches, although landscape dynamics have been modelled (Weinstein and Shugart 1983, Hall et ' Manuscript received 2 November 1987; revised 13 May 1988;  accepted 16 May 1988. ' Present address: Department of Geography, University of Kansas, Lawrence, Kansas 66045 USA. al. 1987 ) and studied historically (Sharpe et al. 198 1, Romme and Knight 1982, Hall et al. 1987) . Moreover, it remains unclear how human use of the biosphere can be integrated with landscape dynamics.
Human-induced fragmentation of the biosphere may affect species, communities, and ecosystems. Nature reserves are often small fragments of an originally larger or more continuous ecosystem. The effect of fragmentation on the species inside fragments is being explored experimentally (Lovejoy et al. 1984) , as well as through modelling (Wright and Hubbell 1983) , and empirical research (e.g., Levenson 198 1) . One goal of such studies is to determine "minimum viable populations" (Shaffer 198 l) , and thus needed reserve area, for the target species in a reserve. Comparable research on ecosystems and landscapes has lagged these species efforts (Noss 1983, Noss and Harris 1986) . In disturbance-mediated landscapes, an analogous question is how much land area would be needed to perpetuate the essential structural and functional attributes of a landscape? Is there, in other words, an analogous "minimum viable patch population" that can be used to determine needed reserve area?
The existence of such a minimum viable patch population has not been explored directly, but has been suggested repeatedly. Cooper ( 19 13), for example, recognized the patchy "mosaic" structure of temperate forests, and suggested that while the state of a small part of a forest may fluctuate widely with time, due to disturbances, on some larger area the proportion of a forest in a particular state will remain constant. This concept has been called the "shifting-mosaic steady state" (Bormann and Likens 1979) .
The shifting-mosaic steady state may not occur in all landscapes. Pickett and White (1985b) theorized that steady-state patch-mosaics are most likely where disturbances are small and frequent in a large area of homogenous habitat. Other authors (Zedler and Goff 1973 , Connell and Sousa 1983 , DeAngelis and Waterhouse 1987 have suggested that large areas are more likely than small areas to have stable mosaics. A modelling experiment (Shugart and West 198 1) suggested that a stable mosaic is more likely on areas ~50 or more times the patch size. There is empirical evidence for a stable mosaic in some temperate forests disturbed by wind (Sprugel 1976) and in flood-disturbed riparian woodlands (Everitt 1968) but not in a 73-km2 forested watershed subject to recurring fires (Romme 1982) .
There are a variety of patch-mosaic attributes, whose temporal stability might be analyzed. But in temperate forests subject to large disturbances, an important attribute is the distribution of patch ages. The "landscape age class structure," as it might be called to distinguish it from age class structures inside forest patches, is the attribute implied by the shifting-mosaic steady-state hypothesis (Bormann and Likens 1979) .
If a stable mosaic occurs on some landscape scale, then the size of the "minimum viable patch population" might be operationally defined as the number of patches included within the smallest land area that contains the stable mosaic. The reserve design problem, then, is to determine this minimum land area.
In this paper I attempt to determine empirically the minimum area for perpetuating the landscape age class structure in a case study of the fire-prone forests of the Boundary Waters Canoe Area (BWCA), Minnesota. I use the fire-year maps published by Heinselman (1973) to reconstruct the history of changes in landscape age class structure. I test the hypothesis that a stable mosaic occurs at a particular spatial scale. I then discuss the implications of the stable mosaic, or lack of it, and landscape dynamics in general in designing and managing nature reserves.
STUDY A REA
Forests in the Boundary Waters Canoe Area and vicinity mapped by Heinselman (1973) are transitional between the Great Lakes-St. Lawrence and boreal forest regions, and are dominated by pines (Pintrs banksiana, P. strobus, and P. resinosa), spruces (Picea mariana and P. glauca), balsam fir (Abies balsamea), tamarack (Lark laricina), white cedar (Thuja occidentalis), quaking aspen (Populus tremuloides), and paper birch (Betula papvrifhra). The landscape is one of slight e . relief, with numerous lakes and rocky islands, shallow soils, and glacial landforms superimposed over Precambrian rocks. The climate is continental, with long cold winters and short warm summers (Heinselman 1973) . Prior to settlement, fires burned the equivalent of the entire area about every 100 yr (Heinselman 1973).
M ETHODS

Units and scales
I divided Heinselman's 404 OOO-ha study area into 16 equal-area (lakes excluded) rectangular "subunits" (Fig. 1) . The 16 subunits were aggregated to produce "units" of five sizes (Table 1) . Throughout the paper I will identify each unit by referring to its scale (Table  1) and which of the 16 subunits it contains. For example, "scale 4, subunits 5-8" is a 10 1 2 15ha unit composed of subunits 5-8. The scales were chosen to span the range of scales within which the stable mosaic and the minimum area might be found. Shugart and West (198 1) suggested that a land area = 50 times the patch size would be needed in order to have a stable mosaic. I calculated the mean fire-generated patch size for the 14 1 -yr study period as 4650 ha. An area 50 times this size (232 500 ha) is a little more than half of the study area. The number of scales that could be considered was limited by a substantial computational burden, which is minimized by using a geometric sequence of scales.
The configuration of subunits is not unique at any scale. The computational burden precluded replicated trials with different configurations. I suspect that a different configuration would change the actual pattern on a unit, but would not significantly change the overall interunit and interscale comparisons. Unit shape could also have an effect, but could not be investigated here.
I transferred the fire-year maps and my subunit boundary map (Fig. 1 ) to mylar sheets, at a uniform scale so they could be exactly aligned with one another. By overlaying these I could determine the age of the forests in each unit at the time of a particular fire by referring to the time of the last fire. I determined the area of forest of a particular age by counting a dot grid. Preliminary tests on the same subunit resulted in ~2% variation in the counts.
Fire history data
I focused on the 1727-l 868 period (141 yr), which is the period of good fire record prior to European settlement. Because it pre-dates the time when European peoples significantly affected these forests, it is the period most useful for understanding the "natural" dynamics of the patch-mosaic. Heinselman (1973: Fig. 3) published fire-year maps for the 15 major fire years between 1727 and 1868. As an example, the 1796 fire year is illustrated (Fig. 1) . In interpreting any fire history reconstruction it is important to be aware of the limits of the data. In this case, Heinselman ( 197 3) first prepared "stand-origin maps" by using aerial photographs, 1948 United States Forest Service Cover-Type Maps, and 823 plots with 2-5 aged trees on each plot, supplemented by another 100 data sets with tree ages (collected by Ohmann and Ream) , as well as analysis of wedges or cores from 295 fire-scarred trees. The "fire-year maps" I use were then constructed for the 404 OOO-ha area by "interconnecting the mapped limits of all stands that seem to have resulted from coalescent bums of the same year" (Heinselman 1973: 337) . Heinselman suggests that the fire-year maps are conservative estimates of the actual fire history, because the frequency of surface fires is probably under-estimated (Heinselman 197 3). But this is of little importance for my purposes, because landscape structure is primarily affected by large standdestructive fires, not such surface fires.
Burned areas in the BWCA may be fully restocked with trees within 5 yr after a stand-destructive fire (Ohmann and Grigal 1979) . It is thus likely that postfire forests are relatively even aged.
Matrix notation and transition matrices
Quantitative details of how the disturbance regime changes the landscape structure can be summarized in matrix notation. The matrices are used, at this point, only as convenient notation, not as models; thus no assumptions about the matrices or their elements are required. These assumptions will be discussed later, when projections are made.
To set up the matrices, the number of age classes and the age class limits must first be chosen. Age class limits are a trade-off between class width and class number, constrained by a substantial computational burden. Given the 16 10 age class distribution, the oldest possible forest in 1868 is 4 16 yr. I chose to divide this age span into seven 60-yr age classes, extending from O-4 19 yr.
Consider a row vector, it 1, whose elements are the fraction of land area in each of the seven age classes at time 1, just after the first fire. Then, the age class distribution after the next fire, at time 2, can be found from:
where P,, is a "fire-year" matrix, whose elements are p,,, the fraction of age class i that changes to age class j during the interval from time 1 to time 2. Land area burned enters the first age class, while unburned land area grows (ages) into older age classes, or remains in an age class. Note that fires, and thus time steps, are not equally spaced. Nonetheless, matrix multiplication rules mean that: n3 = n 1pnp237 or more generally:
n, = nlp,zp23 * * * q-l)(r).
Moreover: pi, = PEP,, * * * P(,--I, (,, 7 so that:
In this study, the fire history is known, but the initial age class distri bution, n 1, is not known and must be estimated. The fire history da ta indicate only what land area burned, not how old the forest was that burned.
This means that the elements, pu, of P,, are dependent on the initial distribution. A map of the initial age class structure would uniquely determine ntl, PIZ, and all subsequent It,., but such a map is not available. Nevertheless, if the patch-mosaic were stable, then the age class structure would be the same, by definition, regardless of the time of observation. From a theoretical standpoint, landscape age class structures in fireprone forest ecosystems may have a negative exponential or a Weibull distribution (Johnson and Van Wagner 1985) but there are an infinite number of such distributions that would be stable (Stephenson 1987) . However, if there is a stable mosaic in the study area, then the form of the age class distribution at the end of the study period, in 1868, ought to be the same as in 1727. The 1868 distribution is also unknown, but as the best approximation to it, I used the 19 10 distribution. To estimate the 19 10 distribution I excluded the 3% of the study area burned since 19 10 (Heinselman 1973: Table 4 ) and calculated the age class distribution of the remaining forests. Because there is some fire record extending back to 16 10, I assigned this initial distribution to the time just before the 16 10 fire. The 1727 "initial distributions" thus vary somewhat from unit to unit.
The general procedure, then, was to set up a "strawman" stable mosaic scenario with the initial age class structure as close as possible to what it might have been at the end of the 1727-1868 period. The degree of stability of the age class structure could then be evaluated by considering how closely the actual fire regime maintained this initial age class structure during the course of the 1727-l 868 period. Note that on the BWCA as a whole this procedure fixes and equalizes the 16 10 and 1868 distributions, forcing the age class structure to start with and return to the same distribution, but this does not force the distribution to remain constant (stable) during the period. On smaller units the 1868 distribution may or may not have diEcology, Vol. 70, No. 1 verged substantially from the initial distribution, depending on the actual pattern of fires on the unit.
Although there are limits to this method, it is an improvement over earlier methods (e.g., Romme 1982) of reconstructing past landscape age class structure, as it incorporates the mapped fire record. Moreover, after a mapped fire, the age of the forest can be precisely determined. Thus the errors introduced by this estimation procedure only persist through a few fires. I will later consider the extent of errors that may have been introduced by this estimation procedure.
Projected distributions
It is also useful to assess the potential long-term trends to be expected on a unit under the assumption that the fire regime during the 14 1 -yr study period remain s constant indefinite1 Y. This longer term evaluation is important because (1 ) short-term sligh t dissimilarity may be amplified over the long term, and (2) short-term temporal instability may be equal in magnitude but different in timing on two units, so that long-term trends differ.
Once the %27-1868 matrix is known, from Eqs. 4 and 5, and n 1 has been estimated, then n, can be calculated at 14 1 -yr intervals, under the assumption that the 1727-1868 fire regime remains constant, by:
n, = n, Pm7-1868 (6) where nl is n in 1727. This multiplication procedure can be used to project each unit's age class distribution forward to a common longer term end point. The matrix P1727-1868 is a transition matrix, and if certain conditions are met, then there are matrix properties that can be used to determine an end point useful for comparisons. Elements in the matrix are maximum likelihood estimates of transition probabilities (Kemeny and Snell 1960). The matrix can thus be used to develop a Markov chain model (Kemeny and Snell 1960, van Hulst 1979) under certain assumptions. First, I assume the underlying process is a first-order Markov process, because I do not have the data required to test for higher order processes. But the projection is for heuristic purposes only, to provide a common framework for comparing longer term trends in a relative sense, not to test how well short-term transitions actually predict longer term outcomes. Second, I assume, for the same reasons, that the transitions are constant. As each age class in the model can ultimately be reached from every other age class, the Markov chain is ergodic. All matrices, when powered (P"), converged to a limiting distribution, which means that the Markov chains are all regular, rather than cyclic (Kemeny and Snell 1960) . The limiting distribution in a population context has been called a "stable age distribution" (e.g., Krebs 1978), but I will refer to it as a "final distribution," to avoid confusion, because the existence of a "stable age distribution " has no bearing on whether a stable patch-mosaic exi sts. Table 1 .) Vertical axis is the fraction of the unit area in a particular age class. There are seven 60-yr age classes along the "AGE CLASS" axis (O-59 yr, . . . , 360-4 19 yr), with the fraction of unit area in each age class plotted at the lower boundary of that age class. The 25 x 25 grid of lines is for display purposes only. Subunits are those areas numbered in Fig. 1. (a) hypothetical steady state, (b) scale 1, subunits 1-16, (c) scale 2, subunits 1-8, (d) scale 2, subunits 9-16, (e) scale 4, subunits 1-4, (f) scale 4, subunits 5-8, (g) scale 4, subunits 9-12, (h) scale 4, subunits 13-16. Matrix projections such as these have been criticized as inaccurate models of succession (e.g., McIntosh 1980, Usher 198 l) , largely because transitions may not be constant in nature, or because transitions are calculated based on invalid assumptions about "plant-to-plant" replacement. These criticisms are not relevant here, as I assume constant transitions and a first-order Markov process for a heuristic purpose only, and transitions are between age classes, not species. No assumptions about plant-to-plant replacement are required.
Criteria for determining minimum area
When enough land area has been included in a nature reserve so that it includes the minimum area for patchmosaic stability, a number of testable conditions, which can be represented as graphic models, should occur.
These can be formalized as three criteria, which can be used to evaluate the presence of a stable mosaic and a minimum area:
Criterion 1: On areas larger than the minimum area, as area increases the patch-mosaic age class structure should remain temporally constant (Fig. 2a) .
Criterion 2: On areas larger than the minimum area, as area increases there should be no further increase in the mean similarity with the unit at the largest scale (see Fig. 6a ).
Criterion 3: On areas larger than the minimum area, as area increases there should be no further increase in mean among-unit similarity (see Fig. 6b ).
Criterion 1 is a restatement of earlier comments on patch-mosaic stability. Note that "constancy" is only one concept of stability (Orians 1975) but I believe it is the one implied by the "shifting-mosaic steady state" hypothesis. Criteria 2 and 3 follow from the assumption that the BWCA is spatially homogeneous, so that once the minimum area has been found, then all units at or larger than that area will have the same patch dynamics as occur on the whole BWCA. Criteria 2 and 3 are likely to identify the same minimum area. Criterion 1 alone is not sufficient to identify the minimum area, because on areas less than the minimum area, among-unit variation may be large enough so that some one unit will exhibit short-term temporal stability, while an adjoining unit may be temporally unstable.
These three criteria may be applied to both the temporal pattern during the 1727-I 868 period (Figs. 2 and  3 ) and to the final distributions projected from the 1727-I 868 transition matrices (Fig. 4) .
If patch-mosaic stability (Criterion 1) is not found, Criteria 2 and 3 can still be used to determine if there is some minimum area that will contain essentially the same pattern of temporal instability as occurs on the whole BWCA.
Similarity indices
To compare short-term (14 1 -yr) temporal patterns (Figs. 2 and 3 ) I used a two-dimensional (surface) similarity index:
SIM(x, y) = 100 -c 1 x,, -y, 1, where x,, is the fraction of land area in age class i for fire-year j for the first temporal pattern, and y,, is the fraction of land area in age class i for fire-year j for the second temporal pattern. This index is the Manhattan non-Euclidean analog of the matrix correlation coefficient (Lelkovitch 1984) .
To evaluate to what extent the short-term temporal patterns were stable, I used index (7) to compare the temporal pattern on each unit at a particular scale to that of the hypothetical steady-state temporal pattern (Fig. 2a) . To see if Criterion 1 was met, I then graphed these index values and the mean of these index values vs. scale. To see if Criterion 2 was met, I first calculated, using index (7) the similarity of each unit's temporal pattern with the temporal pattern on the largest area (Fig. 2b) . I then calculated the mean of these similarity values, for each scale, and graphed the means vs. scale. To see if Criterion 3 was met, I first calculated, using index (7) the similarity of each unit's temporal pattern with the temporal pattern on all other units at the same scale. I then calculated the mean of these similarity values, for each scale, and graphed the means vs. scale.
To compare final distributions I calculated a "Manhattan" similarity index:
SIM(x, y) = IO0 l c 1 X, -y, 1,
(8)
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where X, is the fraction of land area in age class i for the first distribution, and V, is the fraction of land area in the same age class i for the second distribution. This index is preferable to Euclidean measures (e.g., Pearson correlation) that overemphasize the most abundant age class (Noy-Meir and Whittaker 1977) .
To evaluate to what extent the patch-mosaic would have been stable on the long term, I used index (8) to compare the final distribution on each unit at a particular scale to that of the hypothetical steady-state final distribution (Fig. 4) . To see if Criterion 1 was met, I then graphed these index values and the mean of these index values vs. scale. To see if Criterion 2 was met, I first calculated, using index (8) the similarity of each unit's final distribution with the final distribution on the largest area (Fig. 4) . I then calculated the mean of these similarity values, for each scale, and graphed the means vs. scale. To see if Criterion 3 was met, I first calculated, using index (8) the similarity of each unit's final distribution with the final distribution on all other units at the same scale. I then calculated the mean of these similarity values, for each scale, and graphed the means vs. scale.
R ESULTS AND D ISCUSSION
Patch-mosaic stability
The patch age class structure on the whole study area varied dramatically over the 1727-1868 period (Fig.  2b) . Aging of the unburned part of the 1727 "cohort" dominated the temporal pattern. Fires during the 1727-1868 period, while extensive, were not sufficient to maintain a stable patch-mosaic.
Similarity of temporal patterns with the hypothetical stable pattern is generally low (Table 2, Figs. 2, 3, and 5a) on all spatial scales, averaging between 30 and 40%, with the mean similarity little affected by scale (Fig.  5a ). There is much more variation, in similarity with the stable pattern, among units of small area than among units of large area. Similarity of the final distributions with the steady-state final distribution is also generally low (Table 2 ) again with mean similarity only slightly less on units of smaller area (Fig. 5b) , and with more variation apparent among smaller units (Fig. 5b) .
How closely do long-term (final distribution) results rellect short-term temporal patterns? Unit temporal pattern similarities with the steady state (Table 2) are not highly correlated with corresponding unit final distribution similarities with the steady state (Table 2) on small areas (r = 0.099 for scale 8, r = 0.432 for scale 16). This suggests that short-term, somewhat stable temporal patterns may lead to either relatively stable or relatively unstable longer term outcomes, probably because slight short-term differences can be amplified in the long term.
What effect does the form of the steady-state distribution (Fig. 2a) 368 yr since 1542 occurred (Heinselman 1973) . Thus, the unknown 1868 distribution (and 1727 distribution) probably included more old forest than occurred in 19 10, and the steady-state distribution in Fig. 2a may have too little older forest. The general effect of this would be that the actual similarity values (with the steady state) would all be raised somewhat, but their relative relationships would probably not change.
What effect does the form of the assigned initial dis- tribution have on the results? This can be estimated by devising an initial distribution most favorable for the steady state, and then calculating the actual similarity with the steady state that would result. By overlaying all the fire-year maps for the 1727-l 868 period I found that 29.5% of the study area was not burned by any fire during this period. This unburned area is scattered throughout the study area (Table 3) but about three-quarters of it occurs on subunits 1-8 and most of that is in subunits 1, 3, 6, and 7. Regardless of the initial distribution, the 29.5% of the study area that did not burn would be at least 14 1 yr old (1868 -1727 = 14 1) in 1868. If it is assumed that the remainder of the study area that did bum (70.5%) has a temporal pattern exactly like that in Fig. 2a , then the similarity of the temporal pattern with the steady state would bẽ 70%. But the actual fire regime on the 70.5% that did burn was not, in fact, sufficient to keep all the forests young, as in Fig. 2a . The fire regime would come closest to doing this if the 70.5% of the study area that did burn were all aged 0 in 1727. Using this initial distribution, most favorable to finding a steady state, I recalculated the sequence of age class distributions for the whole study area, and then calculated the percent similarity of the resulting temporal pattern with the steady-state pattern. With this 1727 distribution, the percent similarity with the steady-state pattern is still only 54.8%. This sets an upper limit on the effect of errors in estimating the initial distribution.
Minimum area
Given that the patch-mosaic was temporally unstable over the 1727-1868 period at all scales, Criterion 1 was not met and a minimum area does not exist. But, in such non-steady-state environments, a less restrictive concept of the minimum area might be useful. If only Criteria 2 and 3 had to be met, the minimum area would be the area having the same essential pattern of instability as occurred on the whole study area. Smaller areas (25 000 and 50 000 ha) have temporal patterns and final distributions on the average onlỹ 50-80% similar to that on the whole study area ( Fig.  6c and e) . Mean similarity among final distributions (Fig. 6f) suggests that over the long term, individual smaller units may diverge greatly from each other. On larger areas (10 1 000 and 202 000 ha) over the short term (Fig. 6c, and Fig. 2c and d vs. 2b) nearly the same temporal pattern occurs on either half of the study area 
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FIG. 6. Effects of unit area on mean similarity of the patch-mosaic age class structure with that of the largest area, and among units. Percent similarities, which range from 0 to loo%, are discussed in Methods: Similarity Indices. (a) hypothetical model illustrating the minimum area using Criterion 2, (b) hypothetical model illustrating the minimum area using Criterion 3, (c) mean similarity of temporal patterns during the 1727-1868 period with the temporal pattern on scale 1 (the whole BWCA), illustrating Criterion 2, (d) mean similarity, among units at a given scale, in temporal patterns during the 1727-1868 period, illustrating Criterion 3, (e) mean similarity of final distributions with the final distribution on scale 1 (the whole BWCA), illustrating Criterion 2, (f) mean similarity, among units at a scale, in final distributions, illustrating Criterion 3.
(scale 2) as occurs on the whole study area, but final distributions on the two halves are only W30% similar to that on the whole study area (Fig. 6e) . This is partly due to the greater amount of unburned forest on subunits 1-8 (Table 3) . Thus, even on areas as large as half the BWCA it is not clear that a minimum area may be in some age class that is critical for a particular species' survival. Finally, spatial heterogeneity can confound the determination and interpretation of the minimum area.
occurs.
Spatial heterogeneity, the nonshlfting mosaic, and mosaics qf mosaics Moreover, other considerations suggest there is no There is clearly significant spatial variation in the simple, objective minimum area. Researchers exam-fire-patch regime and/or environment. The spatial ining the species-area relationship have argued that variation in unburned area, one manifestation of the there is no objective way to determine minimum area, fire regime, is substantial at all scales, even on scale 2 because the shape of curves, such as those in Fig. 6 , (Table 3) . That the short-term temporal pattern on the and consequently the unit area where a plateau be-two halves of the study area is ~90% similar (Fig. 6d) comes apparent, are determined by the ratio of the axis suggests that a greater rate of burning must have ocscales (Kershaw 1973) . In addition, the similarity val-curred on the burned parts of subunits l-8 (which were ues might be used to make an informed judgment, but 44% unburned) than on the burned parts of subunits it is not clear what level of similarity is significant. For 9-l 6 (which were 15% unburned) to balance the much example, if two alternative reserves have 80% similar greater unburned area on subunits 1-8. In the long term temporal patterns, the source of the 20% dissimilarity the two halves have divergent distributions (Fig. 4) ha area is only 5.5 times the largest burn patch, but the steady state on this large area is missing not because fires burn too much of the study area, but because they burn too little and are spatially heterogeneous. The result is that the 1727 "cohort" is able to survive on the unburned part of the study area and to influence significantly the age class structure throughout the 14 1 yr period. The "shifting-mosaic" simply did not shift into 29.5% of the study area, in spite of substantial area burned. If the landscape does not contain a single steadystate mosaic, could it consist of a "mosaic of different steady-state mosaics ?" If I had divided the study area into a mosaic of environmentally homogeneous subunits prior to the analysis, would different steady states have been found in these different environments? The mean similarity with the steady state was about the same on all scales ( Fig. 5a and b) , not greater on small scales as would be expected if the mosaic of different steady-state mosaics occurred. Moreover, every unit at all scales failed to maintain a steady state due to insufficient burning. Thus, the landscape cannot be a mosaic of different steady-state mosaics.
Perhaps the landscape, then, consists of a "mosaic of steady-state and non-steady-state mosaics." This pattern is suggested, because a high similarity with the steady-state pattern is more common on small than on large areas (Fig. 5) suggesting that the fire regime might be more concentrated in these areas, allowing a steady state to occur. But this high similarity occurs not because the fire-patch regime is more concentrated in these areas, but because of a chance alignment, or timing, of fires. Such a chance timing of fires is well illustrated on subunit 8. In 1692,75% of the subunit burned, and in 1727, 28% of it burned, so that the forests were Yet these were the only two fires in the 19 1 -yr period from 16 10 to 180 1. If they had occurred earlier, the short-term similarity with the steady state would have only~70% similar (Fig. 6f) . because of these differbeen much lower. A similar chance timing of fires ocences in the environment and in the fire-patch regime. curred on subunit 4. Moreover, the number of fires per Possible sources of this spatial variation in the fire-unit area decreases with unit area (Fig. 8) with little patch regime include spatial variation in ignition change in variance, suggesting again that it is not a sources, drought severity, fuel load, and fire-spread more concentrated fire regime on some small areas that probability.
results in a closer similarity with the steady state, but How do my results fit Pickett and White's (1985h) a chance alignment of a few fires. suggestion that steady-state patch-mosaics are most
The landscape in the study area must, then, consist likely where disturbances are small and frequent in a large area of homogenous habitat? In this study area of a " mosaic 0 f different non -steady-state mosaics." There is clear1 Y grain in ei ther the environment or the there is a negative exponential relationship between fire ignition pattern that creates spatial heterogeneity, the number of fire-patches and their size (Fig. 7) as so that some areas do not burn. There is another grain has been reported elsewhere (Minnich 1983, van Wag- in the fire-patch regime, so that there is a limited temtendonk 1986). The log-transformed curve is approxporal and spatial spectrum of patches. The two are imately normal, with a mean of 4650 ha. The largest interdependent, but the steady state is precluded here fire patch was 73 606 ha. It seems surprising that a on large areas because the location of fire-patches is steady state does not occur on the 404 858-ha study limited by spatial variation in environment, so that area, which is 87 times the mean patch size (Table 4) . some areas do not burn or burn only very infrequently. The steady state may be prevented because the 404 858-
The steady state is precluded on smaller areas that do burn because fire-patches are too large in relation to the size of homogenous individual environmental grains. And finally, the steady-state mosaic is not relevant, because of the absence of patch-producing disturbances, on the smaller areas that do not burn. Non-steady-state mosaics such as this one may be common in temperate zone forests. My analysis suggests that the steady state requires a different relationship between environmental grain size and disturbance grain size, and less environmental heterogeneity, than occurs in the study area. But the study area is a relatively homogenous environment in comparison with regions of greater topographic relief, such as are common in much of North America. Moreover, large areas of homogenous, low-topography forests in continental climates are prone to potentially very large fires (e.g., Seitz 1986 ) so that there is a feedback relationship that maintains a perpetual mismatch between disturbance grain and environmental grain. Because both environmental heterogeneity and environmental homogeneity discourage a steady state, the possibility of a steadystate patch-mosaic in fire-prone temperate regions may be low.
NATURE R ESERVE D ESIGN AND M ANAGEMENT
Designing nature reserves in non-steady-state environments is difficult because of spatial heterogeneity, but also because reserves often must be small fragments of originally more continuous ecosystems, and fragmentation may itself alter the patch regime. Consider the sources of disturbance in a continuous forest (Fig.  9) . Each unit of such a forest has a different trajectory patch-mosaic at an inthe external fire-patch regime (fires originating in adjoining areas), which also varies among units and scales. One effect of fragmentation is that the ratio of disturbance size to forest size increases with fragmentation, which is a source of the variation among scales (Figs.  2 and 3 ). The internal fire-patch regime may also be changed. In the BWCA, for example, the probability of within-fragment lightning ignition is undoubtedly lower in smaller fragments. Finally, the external firepatch regime may also be changed by fragmentation (Grimm 1984) . If, after reserve creation, fires no longer originate outside the reserve and burn into the reserve, the reserve may be "supersaturated" with patches and may undergo a subsequent "patch-relaxation" process. Supersaturation and the relaxation process following reserve isolation were first described for species (Diamond 1972) . The extent of patch-relaxation and species-relaxation processes depends partly on the reserve differ context, but from those contexts favorable for landscapes. For for species may example, cropland, in contrast to secondary forest, would be a better context for species in a tropical forest reserve, as fewer species would invade from cropland (Janzen 1983) but in landscapes like that of the BWCA, the fire-patch regime in secondary forests, in contrast with the patch regime in cropland, may better mimic the patch regime in the unfragmented ecosystem, so that secondary forest might be a better context. Given some limited total area available for reserves, a classic reserve design question is whether there should be a single large reserve or several small reserves (the "SLOSS" question; e.g., Simberloff and Abele 1982, Soule and Simberloff 1986)? A single large reserve has
